We describe electric-field-induced fluctuations in the elastic scattering near optical resonances of a spherical aerosol particle trapped at the null point of an electrodynamic levitator. The particle is apparently driven into a quadrupolar distortion by the electromechanical stress at its surface. Our results coupled with recent theory indicate that the effect is principally due to a modulation in the frequencies of individual optical resonances, that a coherent distortion smaller than one part in 105 (-0.1 nm) is detected, and that the effect may be used for a continuous probe of surface tension and bulk viscosity.
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The spectroscopy of microparticles levitated and trapped in electric fields is now extensive.' It has always been assumed that the influence of the electric field is confined to levitation and trapping. We show here that a time-varying electric field having quadrupole symmetry and an amplitude of -10 V/cm at the particle surface leads to an easily measured fluctuation in optical scattering. The particle is apparently driven into a quadrupolar distortion by the electromechanical stress at its surface. Our results coupled with recent theory 2 indicate that the effect is principally due to a modulation in the frequencies of individual optical resonances, that a coherent distortion as small as a part in 105 (-0.1 nm) is detected, and that the effect may be used for a continuous probe of surface tension and bulk viscosity. In what follows we describe our experimental setup, give the results, and present our model for understanding these results. Figure 1 shows the experimental apparatus. In addition to the usual trapping field provided by a supply at amplitude V 1 and frequency wi (2r X 60 Hz) from the center electrode to each of the hyperboloids of revolution, there is a second set of cylindrical electrodes (3.2 mm in diameter, 3.7 mm apart) insulated from the hyperbolic electrodes and driven by another supply at amplitude V 2 and frequency W2 (with switches SW closed). These cylindrical electrodes create an additional time-varying potential near the center of the apparatus that is also of quadrupole symmetry (to first order) but which is driven at a higher frequency (3-16 kHz). The levitation field is provided by a battery supply attached between the cylinders.
A charged glycerol particle -40 ,um in diameter is generated on demand, charged, and loaded into the center of the apparatus by injecting 3 it through the top cylinder with the switches open. Once the particle is captured by the low-frequency field, the switches are closed with V 2 set to zero, and the particle is balanced by adjusting the battery supply. V 2 is then turned up to a few hundred volts, but this field has no noticeable effect on the trapping process; this is to be expected since the trapping force on a micrometer-sized particle at atmospheric pressure follows an inverse power law with frequency. 4 The more important effect, as we show, is on elastic scattering.
Light from a dye laser is directed upward along the symmetry axis in Fig. 1 . The laser beam is polarized in the plane of scattering. Light scattered by the particle is collected at right angles through an 1/6 aperture and detected by two photomultipliers (PMT's). The output from the first phototube is conditioned by a low-pass filter (LPF, 3 dB at 10 Hz), while the signal from the second phototube is fed into a lock-in amplifier operating as a vector voltmeter. The reference for this phase-sensitive detector is proportional to the ac potential on the cylinders. The low-pass-filtered signal, S, and the output from the lock-in amplifier, IS,, 2 Fig. 1 . As one can see, the spectrum of lS,, 2 l is considerably different from that of S, with the signal only appearing near positions of the narrowest resonances in S, and is weaker than that of S, with the largest peak only -1.5% of the largest amplitude in the time-averaged scattering. In addition, each of the features in the ISe,, 2 1 spectrum appears to be split as illustrated by the expanded spectrum of the region around 582.34 nm [ Fig. 2(b) ]. Figure 3 demonstrates the same effect at a considerably broader resonance of another particle 14.7 ,um in radius.
We note that the fluctuation amplitude is markedly reduced. To understand the mechanism for the IS,,21 spectra further we isolated a given peak and observed the dependence of the peak height on drive voltage V 2 and frequency W2. The peak height was proportional to V 2 and approximately inversely proportional to W2
(from 2r X 4 to 2r X 10 kHz).
The most likely mechanism for the light-scattering fluctuation spectrum in Figs. 2 and 3 is an electromechanical distortion of the particle from its spherical shape owing to the stress caused by the external field on excess charge on the particle surface. Below we briefly describe how this interaction can lead to the observed fluctuation.
Any static distortion may be modeled in terms of a sum of spherical harmonics YLM. However, since the external stress is axisymmetric (M = 0) with quadrupole symmetry (L = 2) and varies at frequency W2 [i.e., the potential near null varies as P 2 (0)], the surface distortion must select this symmetry, and the angular dependence of the particle radius is approximately (i.e., only volume preserving to first order in A/a) r(O, t) = a{1 + P 2 (0) Re[A exp(iW 2 t)]}, (1) where A is the complex distortion [i.e., A = AIJexp(io)] along the axis of symmetry (vertical axis) and a is the radius of the undistorted sphere. One expects such a distortion to perturb the optical morphological-dependent resonances of the particle. 2 5 Lai et al. 2 have recently theorized that for a plane wave incident along the axis of symmetry of a slightly eccentric spheroid with an amplitude lXrI. As a laser with zero linewidth is tuned slowly through such a feature, the rms fluctuation in scattering will be proportional, to first order, to the derivative of the scattering spectrum, ls,21 = (11/I)j(aS/aX)x6aXrl. One can now understand, in a qualitative manner, the shape of the fluctuation spectrum in comparison with the scattering spectrum. The fluctuation spectrum will be most pronounced where the derivative of the scattering spectrum is greatest (near narrow resonances), and every peak in S will appear to be split since there are two wavelengths within a given peakfor which the absolute derivative is maximum. One can estimate the amount of distortion from the ratio of the fluctuation amplitude to the scattering amplitude, Since the actual laser line-
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width (-0.03 nm) is approximately one third of the width of the narrow resonance in Fig. 2(b) , to avoid a rather uncertain deconvolution, we apply Eq. (2) to the data in Fig. 3 where the larger breadth of the scattering feature makes the need for such a deconvolution relatively unimportant. For the peak at the right in the pair centered at 586.74 nm Is 2 1/S is (1.7 + 0.2) X 10-3, f#X is (2.7 + 0.1) nm'1, and WA/a is (6 ± 1) X 10-6. Therefore our hypothesis for the fluctuations suggests the ability to detect a periodic distortion of less than 0.1 nm. This hypothesis may be further supported by comparing our experimentally estimated distortion with a direct calculation by using dynamical elasticity theory. The observation that the effect is proportional to V 2 indicates that it is first order in the local field. The largest first-order effect in the Maxwell stress at the surface may be identified as being due to the interaction of the local field E (in the absence of excess charge) with the excess charge density ae (at the surface). In the radial direction this interaction leads to a pressure ,eEr(a, 0)exp(iw 2 t). Since Era, 0) has quadrupole symmetry it drives only the quadrupole capillary mode of the sphere for which we find a distor-
where wo is the resonant frequency of an undamped quadrupole capillary oscillation, -is the damping rate, K is the static dielectric constant, go is the characteristic length associated with the external electric potential [i.e., the potential far from the particle is taken to be (r/go)2P 2 (0)V 2 exp(ico2t)], ae is the excess surface charge density, and as is the surface tension. Equation (3) indicates that in order to obtain an approximate inverse dependence on W2, in agreement with experiment, -y >> wo (i.e., overdamped).
wo and y may be estimated for the quadrupole mode by using wo 2 = 8eY 5 /(pa 3 ) and -y = 10,q/(a 2 p), where q and p are the particle viscosity and density, respectively. 6 Using these expressions, we find that -y 8 9 wo for a particle 14.7 pm in radius, which is consistent with overdamping.
To check the validity of our mechanism further we can estimate the distortion corresponding to the data in Fig. 3 by using Eq. (3) and the expressions for o and y. To do this we need to obtain ae,. The charge on the particle may be obtained from the levitating field and the mass of the particle. For the particle used in Fig.   3 , or is 71 pC/M 2 . Using this charge density, the handbook values for K, a,, and q for glycerol, go = 1.8 mm (approximately half the separation between the cylindrical electrodes), and V 2 = 450 V, we find AlA/a for the particle in Fig. 3 to be 6.8 X 10-6. This is consistent with the value for AlI/a of (6 + 1) X 10-6 obtained by applying Eq. (2) to the experimental data in Fig. 3 . Now that the mechanism for the electric-field-induced fluctuations is reasonably clear, it is a simple matter to invert the above analysis so that a, and q may be continuously determined on a trapped particle from repeated measurements of S<,,, 2 I versus W2. This approach may be compared with the method of Tzeng et al. 5 in which as and iq were determined on flowing ethanol drops by recording damped oscillations in the frequencies of resonances within the fluorescence spectrum following transient laser heating. Aside from the obvious differences in experimental approach, transient laser heating excites a superposition of many capillary waves, and, consequently, the experimenter must be careful to probe the oscillating particle far enough away from the excitation source so that all other modes but the lowest-order mode (L = 2) are sufficiently damped. We believe that our approach is more appropriate for trapped particles since it provides a continuous probe, is described analytically, and utilizes an unavoidable effect. The ability to generate a predictable shape perturbation is expected to be useful in increasing our understanding of the effects that such perturbations have on a number of photophysical processes. Recent theory by Lai et al. 7 suggests that thermal fluctuations at the surface of a liquid particle of -0.1 nm can reduce the photon lifetime T within a particle by orders of magnitude. Thus it would be interesting to investigate the effect that electric-field-induced fluctuations have on processes thought to be sensitive to r such as enhanced intermolecular energy transfer 8 ' 9 and the decay of stimulated Raman scattering. 1 0 ' 11
